Abstract: Drought and topographic position are the most important factors influencing tree growth and survival in semiarid sandy regions of Northeast China. However, little is known about how trees respond to drought in combination with topographic position by modifying the depth of soil water extraction. Therefore, we identified water sources for 33-year-old Mongolian pine (Pinus sylvestris L. var. mongolica Litv.) trees growing at the top and bottom of sand dunes by comparing stable isotopes δ 2 H and δ 18 O in twig xylem water, soil water at various depths and groundwater during dry and wet periods. Needle carbon isotope composition (δ 13 C) was simultaneously measured to assess water use efficiency. Results showed that when soil moisture was low during the dry period, trees at the top used 40-300 cm soil water while trees at the bottom utilized both 40-300 cm soil water and possibly groundwater. Nevertheless, when soil moisture at 0-100 cm depth was higher during the wet period, it was the dominant water sources for trees at both the top and bottom. Moreover, needle δ 13 C in the dry period were significantly higher than those in the wet period. These findings suggested that trees at both the top and bottom adjust water uptake towards deeper water sources and improve their water use efficiency under drought condition. Additionally, during the dry period, trees at the top used shallower water sources compared with trees at the bottom, in combination with significantly higher needle δ 13 C, indicating that trees at the bottom applied a relatively more prodigal use of water by taking up deeper water (possibly groundwater) during drought conditions. Therefore, Mongolian pine trees at the top were more susceptible to suffer dieback under extreme dry years because of shallower soil water uptake and increased water restrictions. Nevertheless, a sharp decline in the groundwater level under extreme dry years had a strong negative impact on the growth and survival of Mongolian pine trees at the bottom due to their utilization of deeper water sources (possibly groundwater).
Introduction
Drought is one of the most important environmental factors limiting tree growth and survival worldwide [1, 2] . Under drought condition, trees in arid and semiarid environments could maximize water uptake (e.g., absorbing deep water sources through extensive, deep, or dense root systems) or/and minimize water loss through transpiration (e.g., limiting leaf growth, stomatal closure, etc.) [3, 4] . For example, many trees in arid and semiarid regions have a dimorphic root system that enables them to switch water sources from shallow soil layers in the wet season to deep soil layers (e.g., groundwater) in the dry season [5] [6] [7] . A similar phenomenon has been also observed for plants in the saline southeast Everglades ecotone [8] . The shift of water sources plays an important role in the survival and growth of trees in arid and semiarid regions [9] . In addition, under drought condition, many trees could improve their water use efficiency by decreasing their stomatal conductance to limit water loss, which is associated with a high capacity for drought resistance [10] [11] [12] . However, climate change will increase temperatures and the frequency and severity of drought events in arid and semiarid regions [13] . Furthermore, a large number of episodes of tree dieback and mortality have been shown to be associated with drought [14] [15] [16] . Therefore, determining the depth of water extraction by trees under drought condition will improve our understanding of the survival and growth strategies for trees in arid and semiarid regions [17] .
Moreover, the topographic position is another factor affecting the tree's survival and growth in semiarid and arid regions [18, 19] , especially in sandy regions. This is because the sandy regions are characterized by the distribution of sand dunes, which have been shown to provide habitat heterogeneity and to profoundly influence the spatial and temporal distribution of water and the nutrition regime [20, 21] . It has been reported that trees at the top of sand dunes had a lower leaf water potential or stronger stomatal regulation than did trees at the bottom of the sand dunes, which may be due to more available water for trees at the bottom of sand dunes [22, 23] . Although numerous studies have investigated effective topographic positions in semiarid and arid sandy regions [4, 18, 24] , knowledge about the effects of drought and topographic position on the depth of water extraction of trees is still not well-known, which limits our understanding of the long-term adaptation mechanisms of trees to temporal and spatial changes of water availability in semiarid and arid sandy regions [25] .
Mongolian pine (Pinus sylvestris var. mongolica), a geographical variety of Scots pine (Pinus sylvestris L.), is naturally distributed in the Daxinganling Mountains of China (50 • 10 -53 • 33 N, 121 • 11 -127 • 10 E) and in Honghuaerji, on the sandy plains of Hulunbeier (47 • 35 -48 • 36 N, 118 • 58 -120 • 32 E) [26] . Due to its hardy nature and suitability for sandy environments, Mongolian pine was first introduced to reduce wind speed and to enhance sand fixation in the 1950s in the southeast of the Keerqin Sandy Land, China [12, 27, 28] . Until now, the area of the Mongolian pine plantations in the sandy lands covers more than 7.0 × 10 5 ha in northern China [29] . These Mongolian pine plantations play an important role in the control of desertification in northeast China [28, 30, 31] . However, the Mongolian pine plantations have frequently suffered from dieback and mortality during extreme drought years when they are more than approximately 30-35 years old [26, 32] . Previous studies have indicated that water deficiency was the main cause of the dieback and mortality of Mongolian pine plantations [26, 28] . In the Keerqin Sandy Land, precipitation (soil water) and groundwater are the main water sources for the growth and survival of Mongolian pine trees [32, 33] . However, extreme drought occurs frequently during the growing season [29] , and the groundwater level has decreased linearly in the southeast Keerqin Sandy Land since the introduction of the Mongolian pine plantations [28] . Furthermore, it has been observed that soil moisture at the top of sand dunes was significantly lower than that at the bottom of sand dunes in the Keerqin Sandy Land [31] . Nevertheless, how the depth of water extraction of the Mongolian pine trees respond to the effect of drought and topographic position is still unknown, which limits our understanding of the mechanism underlying the dieback and mortality of the Mongolian pine plantations in semiarid sandy regions.
The objective of this study was to determine the depth of water extraction of the Mongolian pine trees at the top and bottom of sand dunes during dry and wet periods based on their water sources and water use efficiency. The depth of water extraction by trees can be identified by comparing the stable hydrogen and oxygen isotopes of the potential water sources with those of xylem water [32, 34, 35] . This is because the isotopic compositions of hydrogen ( 2 H) and oxygen ( 18 O) in water do not change when they are taken up by roots and transported from the roots to the leaves [36] . The common assumption is that isotope fractionation does not occur during water uptake by roots and transported from the roots to the leaves. Therefore, the isotopic signature of plant xylem water and water in the soil at the site of root uptake are similar [37] . In addition, leaf stable carbon isotope composition (δ 13 C) provides a comprehensive insight into tree carbon cycles and water use efficiency (WUE) and has also been widely applied to evaluate the response of trees to environmental change [36] . Due to higher precipitation in the wet period than in the dry period [30] , we hypothesized that (1) the Mongolian pine trees use deeper water sources and have higher water use efficiency during the dry period compared to the wet period. In consideration of the known differences in physical and hydraulic properties between the top and the bottom of sand dunes [31] , e.g., higher soil water content in the bottom of sand dunes than in the top of sand dunes, we also hypothesized that (2) the Mongolian pine trees growing on the top of sand dunes utilize deeper water sources and have higher water use efficiency compared with those growing on the bottom of sand dunes. In order to verify the above two hypotheses, the δ 2 H and δ 18 O of twig xylem water, soil water at 0-300 cm depth, and groundwater were measured and analyzed, in combination with soil moisture, to determine the depth of water extraction by the 33-year-old Mongolian pine trees growing at the top and bottom of sand dunes, during the dry and wet periods of 2017. In addition, the needle carbon isotope composition (δ 13 C) was measured simultaneously to assess their WUE. This study would contribute to our understanding of the mechanism underlying the dieback and mortality of the Mongolian pine plantations, which supply some implications for forest management in semiarid sandy regions.
Materials and Methods

Study Site
This study was conducted in the Zhanggutai region (42 • 43 N, 122 • 22 E, 226 a.s.l.), Liaoning Province, China, which is located in the southeastern part of Keerqin Sandy Land. This region belongs to the semiarid climatic zone. The mean annual temperature is approximately 6.7 • C with the minimum and maximum air temperatures of −29.5 • C and 37.2 • C, respectively. The annual mean precipitation is 474 mm (mean for the period of 1954-2010), whereas the mean pan evaporation is approximately 1700 mm (an evaporation pan with a diameter of 20 cm) [32] . In the study region, from the beginning of May to late June, the precipitation was low (25% of the mean annual precipitation), but the evaporative demand was high; thus, the soil moisture was low. This period (May and June) was considered to be the dry period (Figure 1a ). By July and August, the precipitation was plentiful (approximately 50% of the mean annual precipitation), and the evaporative demand was low; thus, the soil moisture was high. This period was considered to be the wet (rainy) period (Figure 1a , [30] ). The major soil type was classified as belonging to the Semiaripsamment taxonomic group that developed from sandy parent material through the action of wind [26] . Based on landforms, vegetation cover types, and soil characteristics, the sandy areas were classified into active and semi-active sand dunes, fixed sand dunes, flat sandy land, and low-lying land [31] . The soil physical and hydraulic properties differ by the different positions of the sand dunes. The particle sizes of soil at the top of the sand dunes were 32.37% coarse (1-0.250 mm), 48.80% fine (0.250-0.06 mm), and 18.83% silt (<0.06 mm); the corresponding values at the bottom of sand dunes were 12.29%, 58.48%, and 29.22% [31] . The organic matter content of the soil at the bottom of sand dunes was 0.61%, whereas it was 0.07% at the top of sand dunes. The total soil nitrogen, phosphorus, and potassium (0-100 cm) at the bottom of the sand dunes were 0.08%, 0.008%, and 1.17%, respectively, whereas they were 0.03%, 0.003%, and 2.01% at the top of sand dunes, respectively [38] . The understory was annual grass, such as Potentilla anserine L., Cleistogenes chinensis (Maxim.) Keng., Artemisia frigida Willd., and Setaria viridis (L.) Beauv. [32] . The studied Mongolian pine plantation was 33 years old in 2017. The area of this plantation was 7.8 ha. The topography of this plantation was characteristic by undulating fixation sand dunes. The planting spacing was 3 m by 3 m, and sanitation cutting had been implemented in the plantation over the past years. Four typical fixation sand dunes were selected in this study ( Table 1 ). The mean vertical dimension between the top and bottom of the selected sand dunes was 8.7 ± 1.3 m (Table 1) . In each selected sand dune, two 10 m × 10 m plots were established; one was at the top of the sand dune and the other was at the bottom (west-facing) of the sand dune. In each plot, one representative Mongolian pine tree was selected based on the averaged diameter at breast height and tree height ( Table 1 ). The total number of sampling trees was eight. Although the number of sampling trees (four trees in the bottom of sand dunes and four trees in the top of sand dunes) was small, four replicates could generally meet the demand of statistical analysis, which have been widely applied in determining the water source used by plants because of the expensive test fare [7] . The studied Mongolian pine plantation was 33 years old in 2017. The area of this plantation was 7.8 ha. The topography of this plantation was characteristic by undulating fixation sand dunes. The planting spacing was 3 m by 3 m, and sanitation cutting had been implemented in the plantation over the past years. Four typical fixation sand dunes were selected in this study ( Table 1 ). The mean vertical dimension between the top and bottom of the selected sand dunes was 8.7 ± 1.3 m (Table 1 ). In each selected sand dune, two 10 m × 10 m plots were established; one was at the top of the sand dune and the other was at the bottom (west-facing) of the sand dune. In each plot, one representative Mongolian pine tree was selected based on the averaged diameter at breast height and tree height ( Table 1 ). The total number of sampling trees was eight. Although the number of sampling trees (four trees in the bottom of sand dunes and four trees in the top of sand dunes) was small, four replicates could generally meet the demand of statistical analysis, which have been widely applied in determining the water source used by plants because of the expensive test fare [7] . Twig xylem and soil samples were collected on June 9 (dry period) and August 25 (wet period) during the growing season of 2017 ( Figure 1b) . The twig xylem samples were collected between 8:00 am and 12:00 pm when the trees were actively transpiring on each sampling date. The lignified twigs (diameter 0.2-0.5 cm, length 4-6 cm) were cut from the base of the canopy in each sampling tree, and all leaves and green stem tissue were removed from these twigs to avoid contamination of the xylem water by isotopically enriched water. Clipped twigs were immediately placed in a capped glass vial, wrapped in parafilm, and placed in a cooler with ice for transportation to the laboratory. In the laboratory, twig samples were frozen and stored (−20 • C). One twig sample was taken in each sampling tree, and thus there were four twig samples in the top or bottom of sand dunes at each sampling date. The total number of twig samples was 16. Simultaneously, soil samples beneath each sampling tree were collected at the depth of 0-300 cm by using a soil auger (diameter of 5 cm). The distance from the base of the sampling tree to the soil sampling point was within 1.5 m. Soil samples within 0-100 cm were obtained at 20 cm intervals, and soil samples within 100-300 cm were collected at 50 cm intervals. There were four soil samples for each soil layer in the top or bottom of sand dunes on each sampling date. Soil samples were separated into two parts for stable isotope analyses of soil water and gravimetric water content determination. Soil samples for stable isotope analyses were placed in capped vials (50 mL), wrapped in parafilm and stored in the freezer (−20 • C) until water extraction. Soil samples for gravimetric water content were put into aluminum boxes (diameter of 8 cm and a height of 5 cm) and sealed. In addition, three groundwater samples for each sampling date were collected from a drilling well near the study site. The drilling well was located in the plantation, and the distances between the drilling well and any of the four sites were no more than 500 m. Groundwater samples were enclosed in airtight glass vials, wrapped in parafilm, and stored (4 • C) until stable isotope analysis.
Needle Sampling
On June 9 (dry period) and August 25 (wet period) of 2017, current-and 1-year needles (more than 100 needles) were sampled from the middle of the crown on the sunlit side of each sampled tree. Two needle samples were taken in each sampling tree on each sampling date, one was the current-year-old needle and the other was 1-year-old needle. Therefore, there were four needle samples per needle age group at the top or bottom of the sand dunes on each sampling date. The total number of needle samples was 32. The needle samples were placed into paper bags and were transported to the laboratory for measurement.
The ∆ 2 H, ∆ 18 O, and ∆ 13 C Measurement
Water from twig xylem and soil samples was extracted with a cryogenic vacuum distillation system [39, 40] . Although several recent studies reported that cryogenic vacuum distillation was problematic for dry soils that have a high proportion of bound water [41, 42] , Koeniger et al. [40] observed that there was not a strong influence of soil water content on the stable isotope composition of the extraction water in the sandy soil. We routinely weighed and oven dried the extracted samples to ensure an extraction time long enough to vaporize the water within the plant tissue and soil (2 h, 100 • C). Water samples were measured in an isotope ratio mass spectrometer (Finnigan MAT Delta V advantage, Thermo Finnigan Inc., Austin, TX, USA). Isotopic ratios of hydrogen and oxygen were expressed in delta notation (δ) as:
where R sample and R standard are the molar ratios of 2 The needle samples were oven dried to a constant mass at 75 • C for 48 h, finely ground, and then subsampled for measurement. The needle samples were contained in folded tin capsules. The measurements of stable carbon isotope ratios were performed using a mass spectrometer (Delta Plus XP, Thermo Electron, Bremen, Germany) coupled with an elemental analyzer (Flash EA 1112, Thermo Electron, Bremen, Germany). The precision of the online procedure was better than ±0.2% for carbon isotope ratios. The natural abundance of 13 C was expressed in per mil (% ) deviation from international standards. Pee Dee Belemnite was used as the international standard.
Soil Water Content
The soil samples in the aluminum boxes were weighed for fresh weight and then oven dried at 105 • C for 24 h. Soil samples were weighed again for the dry weight, and then the gravimetric soil water content (SWC) was calculated using Equation (2) . SWC (%) = (wet weight − dry weight)/dry weight × 100 (2)
Meteorological Measurements
Meteorological data, such as precipitation (Belfort Instrument, Baltimore, MD, USA), solar radiation (Model 1650), air temperature, and relative humidity (model HMP45C) were measured every 30 min, and then the values were stored using a CR1000 datalogger (Campbell Scientific Inc., Logan, UT, USA) in an automatic weather station installed near the study site (2 km).
Data Analysis
The local meteoric water line (LMWL, [32] ), global meteoric water line (GMWL, [43] ), and the relationship between δ 2 H and δ 18 O for soil water, xylem water, and groundwater were fitted using a simple linear regression. To identify the depth of water uptake by the Mongolian pine trees, the isotopic ratios of the twig xylem water were compared with the isotopic ratios of soil water at different depths and in groundwater [7, 32, 36] . The dual-isotope approach (δ 18 O and δ 2 H) was used in this study. In addition, the IsoSource mixing model [44, 45] was used to calculate the range of contribution of each water source to the total tree water uptake. The fractional increment was set at 1% and the mass balance tolerance was set at 0.2. To avoid the misinterpretation of the results from the IsoSource mixing model, the results are shown as the distribution of feasible solutions (i.e., minimally to maximally feasible) rather than focusing on the mean value. A low maximum value for a source generally would indicate relatively low importance, whereas a high minimum value for a source could indicate a significant contribution. If the maximum value of the source was not high and the minimum value was not low, these sources might be important [46] . In this study, four potential water sources (0-40 cm soil water, 40-100 cm soil water, 100-300 cm soil water, and groundwater) were applied to facilitate the comparison of the potential water sources. This was based on the root distribution (approximately 85% roots distribution within 40 cm soil layer, more than 98% roots distributed within 100 cm of the soil layer, [26] ); variations in the gravimetric soil water content and isotopic composition of soil water along the soil profile, although the soil water isotopic composition between 40-100 cm and 100-300 cm layers was similar during the dry period. The isotopic composition of each soil water layer was calculated using the soil water content-weighted mean approach [10, 47] .
All statistical analyses were performed in R software (R version 3.3.3, a language and environment for statistical computing and graphics) [48] .
A mixed linear model was conducted using the lme4 package in R [49] to test the effect of positions of sand dunes and sampling periods on the soil water content and xylem water δ 18 O and δ 2 H. In this model, position, sampling period, and their interaction were included as fixed factors, and plot as a random factor. To analyze the effects of sampling periods, positions of the sand dune and needle ages on the needle δ 13 C, another mixed linear model was conducted with these three factors and their interactions as fixed factors and plot as a random factor. In addition, mixed linear models were performed to test the differences in the isotopic ratios between the twig xylem water and soil water at different depths, in the needle δ 13 C between dry and wet periods on the same topographic position, and in fractional contribution of water sources to total water uptake among different potential water sources in the same sampling period on the same topographic position. In these three models, the plot was included as a random factor, and soil depths, sampling periods, and potential water sources were separately included as fixed factors.
Results
Environmental Factors
The total precipitation in 2017 was 346.0 mm, which accounted for 73% of the long-term mean annual precipitation (474 mm, Figure 1a) , and indicated that 2017 was a moderately dry year. Before July, the study area experienced a continuous drought from April to June, and only 33.4 mm of the precipitation in total was received (22.9% of the long-term mean precipitation in the same period). This drought was terminated by precipitation events (32.1 mm in total) between July 1 and 2. In addition, this area received a large amount (250.9 mm) of precipitation from July to August, which accounted for 107% of the long-term mean precipitation in the same period (Figure 1b) .
The gravimetric SWC values for both the bottom and top of the sand dunes displayed similar temporal variations in each of the soil depths ( Figure 2 ). The gravimetric SWC was highly variable above the 40 cm soil depth, followed by at the 40-100 cm soil depth, and it was relatively stable over 100 cm soil depth (Figure 2) . Additionally, the sampling period and position of sand dunes had a significant effect on the variations in gravimetric SWC, with higher values for the wet period (4.71% ± 0.53%) and at the bottom of the sand dunes (4.38% ± 0.67%, Figure 2 and Table 2 ). 
Isotopic Compositions of Soil Water, Groundwater, and Twig Xylem Water
The δ 2 H and δ 18 O of soil water, groundwater and twig xylem water followed by global and local meteoric water lines (Figure 3 ) indicated that all of the sampled water originally came from precipitation [50] . The soil water had isotope values ranging from −99.79‰ to −41.42‰ for δ 2 H and from −13.73‰ to −0.55‰ for δ 18 O during the measurement period, and the isotope values of the soil water in the upper soil layers became heavier than those of the deeper layers (Figure 4) . The isotopic 
The δ 2 H and δ 18 O of soil water, groundwater and twig xylem water followed by global and local meteoric water lines (Figure 3 ) indicated that all of the sampled water originally came from precipitation [50] . The soil water had isotope values ranging from −99.79% to −41.42% for δ 2 H and from −13.73% to −0.55% for δ 18 O during the measurement period, and the isotope values of the soil water in the upper soil layers became heavier than those of the deeper layers (Figure 4) . The isotopic values for 0-40 cm soil water was highly variable with season and depth, whereas 40-100 cm soil water had lower isotopic ratios and exhibited relatively mild seasonal changes than 0-40 cm soil water. However, the isotopic values for the 100-300 cm soil water displayed relatively stable variations compared with those for 0-40 cm and 40-100 cm soil water. Compared with the soil water, the groundwater exhibited relatively stable isotope values, e.g., −9.62% ± 0.25% for δ 18 O and −71.55 ± 0.52% for δ 2 H. The δ 2 H and δ 18 O of the twig xylem water ranged from −84.18% to −60.30% and from −11.40% to −8.12% , respectively. However, the δ 2 H and δ 18 O of the twig xylem water significantly differed between the seasons ( Figure 4 and Table 2 ). In the top of sand dunes, the average δ 2 H and δ 18 O of twig xylem water mainly overlapped with those of soil water at 40-300 cm depth during the dry period (Figure 4a,c) , although the error range of isotopic ratios for twig xylem water also overlapped partly with those of soil water at 20-40 cm depth. A significant difference in δ 2 H or δ 18 O between twig xylem water and soil water at 0-20 cm depth was observed during the dry period (p < 0.05). However, during the wet period, the average δ 2 H and δ 18 O of twig xylem water overlapped with those of soil water at 0-100 cm depth (Figure 4a,c) . Significant differences between twig xylem water and soil water at 100-150 cm, 150-200 cm, 200-250 cm, and 250-300 cm depths for δ 2 H or at 100-150 cm, 200-250 cm, and 250-300 cm depths for δ 18 O (p < 0.05) were observed during the wet period at the top of sand dunes. At the bottom of sand dunes, the average δ 2 H and δ 18 O of twig xylem water overlapped with those of soil water at 40-300 cm depth and groundwater during the dry period, while they overlapped with those of soil water at 0-100 cm depth during the wet period (Figure 4b,d ). Significant differences between the twig xylem water and soil water at 0-20 cm depth for δ 2 H or at 0-20 cm and 20-40 cm depths for δ 18 O (p < 0.05) were found during the dry period, whereas significant differences between twig xylem water and soil water at 80-100 cm, 100-150 cm, 200-250 cm, and 250-300 cm depths for δ 2 H or at 80-100 cm, 100-150 cm, 150-200 cm, 200-250 cm, and 250-300 cm depths for δ 18 O (p < 0.05) were detected during the wet period. 
Isosource Estimation of the Feasible Contributions of Potential Water Sources
Results from the mixing IsoSource model showed that the contribution of water uptake from four potential water sources (0-40 cm soil water, 40-100 cm soil water, 100-300 cm soil water, and groundwater) typically varied between sampling periods and positions of sand dunes. At the top of the sand dunes, the contributions of the 40-100 cm soil water and 100-300 cm soil water to total water uptake were in the ranges of 48%-78% and 0%-52% during the dry period, respectively, with mean values of 63.5% and 17.5%, whereas the possible ranges of 0-40 cm soil water and groundwater were only 0%-26% and 0%-30%, with the mean values of 9.7% and 9.3%, respectively (Figure 5a ). By the wet period, the contribution of the 0-40 cm soil water increased dramatically (0%-72%, with a mean value of 43.3%) while that of the 40-100 cm soil water decreased (0%-100%, with a mean value of 33.8%), whereas the possible ranges of the 100-300 cm soil water and groundwater were only 0%-29% and 0%-46%, with mean values of 9.3% and 13.6%, respectively (Figure 5a ). Column heights represent the mean value of relative contributions and bars represent the ranges of minimum and maximum, both were calculated using the IsoSource model [44] . Different letters indicated significant differences among the potential water sources in the same sampling period on the same topographic position (n = 4).
Needle δ 13 C
The needle δ 13 C ranged from −27.36‰ to −23.37‰ during the measurement period, with the mean value of −25.30‰ ± 0.20‰ (Figure 6a and b) . Significant effects of the sampling period, position and needle age on the variations in needle δ 13 C were observed during the measurement, with the higher values in the dry period (−25.03‰ ± 0.3‰), top of the sand dune (−24.89‰ ± 0.3‰), and current-year-old needle (−24.44‰ ± 0.2‰, Table 3 ), respectively. Table 3 . Summary results of mixed model analyses in the needle δ 13 C by sampling period, the position of the sand dune and needle age. Column heights represent the mean value of relative contributions and bars represent the ranges of minimum and maximum, both were calculated using the IsoSource model [44] . Different letters indicated significant differences among the potential water sources in the same sampling period on the same topographic position (n = 4).
At the bottom of the sand dunes, the contribution of the 0-40 cm soil water was only in the range of 0%-4% in the dry period, with a mean value of 1.4%, while the contributions of 40-100 cm soil water, 100-300 cm soil water, and groundwater were in the ranges of 0%-95%, 0%-86%, and 4%-62%, with mean values of 34.8%, 33.9%, and 29.9%, respectively (Figure 5b ). However, in the wet period, the contribution of the 0-40 cm soil water increased dramatically at the bottom of the sand dunes (24%-75%, with a mean value of 54.8%), while that of the 40-100 cm soil water decreased slightly (0%-76%, with a mean value of 24.9%), whereas the contribution of the 100-300 cm soil water and groundwater decreased significantly, with the range of 0%-36% and 0%-26% (Figure 5b ).
The needle δ 13 C ranged from −27.36% to −23.37% during the measurement period, with the mean value of −25.30% ± 0.20% (Figure 6a,b) . Significant effects of the sampling period, position and needle age on the variations in needle δ 13 C were observed during the measurement, with the higher values in the dry period (−25.03% ± 0.3% ), top of the sand dune (−24.89% ± 0.3% ), and current-year-old needle (−24.44% ± 0.2% , Table 3 ), respectively. 
Discussion
Water Uptake and Water Use Efficiency of Trees during the Dry and Wet Periods
The isotopic values of twig xylem water and the results from the mixing IsoSource model indicate that the Mongolian pine trees growing at both the top and bottom of sand dunes took up Figure 6 . Needle δ 13 C of the current-and 1-year-old (a,b) during the dry and wet periods for Mongolian pine trees growing on the top and bottom of the sand dunes. Error bars represent standard deviation (n = 4). Different letters indicate significant differences between dry and wet periods on the same topographic position. 
Discussion
Water Uptake and Water Use Efficiency of Trees during the Dry and Wet Periods
The isotopic values of twig xylem water and the results from the mixing IsoSource model indicate that the Mongolian pine trees growing at both the top and bottom of sand dunes took up water from deeper soil layers under drought condition, e.g., the Mongolian pine trees at the top and bottom of sand dunes mainly used 40-300 cm soil water and 40-300 cm soil water as well as possibly groundwater during the dry period, respectively, and switched their water sources to 0-100 cm soil water during the wet period (Figures 4 and 5) , which supported our first hypothesis. These results of the present study are consistent with those of previous studies in arid and semiarid regions, in which trees with dimorphic root systems exhibited a shift in water sources from mainly shallow water during the wet season to deep water during the dry season [32, 34, [51] [52] [53] . In the present study, the gravimetric SWC at both the top and bottom of the sand dunes during the dry period were significantly lower than those during the wet period ( Figure 2 and Table 2 ). In addition, the Mongolian pine trees had higher water consumption in June compared with trees in August [32] . Therefore, the Mongolian pine trees would use deeper water sources to support their high transpiration demand during the dry period. Although most of the fine roots (>85%, dry weight) of the Mongolian pine trees were distributed within the 40 cm soil layer determined by auger methods [26] , the Mongolian pine trees appeared to scarcely use water from this soil layer during the dry period due to the extremely low gravimetric SWC in this soil layer (2.0% and 1.4% for the bottom and top of sand dunes, respectively, Figure 2 ). The soil water could not be used by the pine trees in the top of sand dunes when the gravimetric soil water content was <1.7% during the dry period, whereas it was 2.0% in the bottom of sand dunes, possibly due to the fine texture for sandy soil in the bottom of sand dunes with high wilting point. However, several roots were observed at a depth of 40-300 cm soil layer [26, 30] , but they were possibly essential for water uptake and enabled the trees to survive in drought conditions. Similar to our findings, Sugimoto et al. [54] reported that most of the fine roots (80% in number) of Larix gmelinii trees in East Siberian taiga were observed at 0-30 cm depth, but it was difficult for those roots to take up water from this soil layer during drought summer due to the low gravimetric SWC. The ability to switch water sources between the dry and wet periods contributed to alleviating drought stress and to help prevent hydraulic system failures, which appeared to be an important survival strategy for Mongolian pine trees growing in the semiarid sandy land [32, 55, 56] .
Significantly higher needles δ 13 C in the dry period than in the wet period for the Mongolian pine trees growing at both the bottom and top of sand dunes indicated that the Mongolian pine trees could adjust the WUE under drought condition. In general, the WUE can be inferred by using the δ 13 C of plant tissues based on the simpler linear model of Farquhar et al. [57] , which makes the assumption that mesophyll conductance to CO 2 is infinite, whereby a higher WUE is indicated by a higher δ 13 C [36, 58] . The leaf δ 13 C typically increases with decreasing water availability, as a result of the stomatal closure and reduced transpiration and prevents their hydraulic system from irreversible damage [59] . The results of this study were consistent with the findings of several other studies, which reported that leaf δ 13 C of plants was generally higher in the dry than the wet periods [60, 61] . For example, Ávila-Lovera and Tezara [62] reported that leaf δ 13 C of Parkinsonia praecox (Ruiz and Pav. ex Hook.) was significantly higher in the dry season than in the rainy season in tropical semiarid regions of the north of Venezuela due to drought. Therefore, an improvement in the WUE for the Mongolian pine trees under drought condition may be a benefit for tree survival.
Water Uptake and Water Use Efficiency of Trees at the Top and Bottom of Sand Dunes
Our results showed that the Mongolian pine trees at the top of the sand dunes used a shallower water source than the trees at the bottom of the sand dunes during the dry period. However, during the wet season, Mongolian pine trees at the top and at the bottom of sand dunes used the same water sources. This indicated that the greatest differences in the water sources that were used by trees across the topographic position occurred only during the dry period, which did not support the second hypothesis. In agreement with our findings, Nippert and Knapp [63] reported that plants in the uplands used more shallow soil water compared to those in the lowlands, with the greatest differences across the topographic gradient occurring during dry periods. In the present study, significant differences in the gravimetric SWC at 0-150 cm depth and 0-200 cm depth were observed between the bottom and top of sand dunes during the dry and wet periods, respectively (Figure 2 ), which indicated that the difference in topographic position (8.7 ± 1.4 m) significantly influenced the water redistribution. In addition, the sandy soil in the bottom of sand dunes had the fine texture compared with that in the top of sand dunes, which also contribute to higher gravimetric SWC in the bottom of sand dunes. The significant difference in the water sources between the top and bottom of sand dunes during the dry period may be associated with differences in their root distribution, water availability, and transpiration demand [30, 63] . Zhao and Zhang [64] reported that the Mongolian pine trees at the top of the sand dunes had a more developed root system compared with those at the bottom of the sand dunes in the study region, which would allow them to access subsurface precipitation-derived water reservoirs at the top of sand dunes and thus compensate for inaccessibility to the groundwater. In addition, the Mongolian pine trees at the top of sand dunes had a low transpiration demand compared with those at the bottom of sand dunes due to their significantly smaller tree size (Figure 1, [31] ). Therefore, the Mongolian pine trees at the top of the sand dunes, which had a more developed horizontal root system, obtained more water from the shallower soil layer (63.5% from 40-100 cm soil water) to support their low transpiration demand during the dry season. Although approximately 85% of the roots were distributed within 40 cm for Mongolian pine trees, the taproots of the trees (only 3-5 taproots) can reach 4-5 m in depth [30] . However, the groundwater level for the trees at the bottom of the sand dunes averaged 4.6 m during the dry season (data not shown), and the maximum height of the capillary rise from the groundwater was 1.0 m [33] . Therefore, the Mongolian pine trees at the bottom of sand dunes could utilize deeper water sources (possibly groundwater) to support their highest transpiration demand when the upper soil water became scarce during the drought condition. A similar phenomenon was observed by Song et al. [32] for Mongolian pine trees in the study region. However, the lack of significant differences in the depth of soil water extraction for the Mongolian pine trees between the bottom and top of sand dunes during the wet season may be due to abundant water in the 0-100 cm soil layer (4.2% and 7.0% at the top and bottom of the sand dunes, respectively, Figure 4 ). Li et al. [65] also reported that most water was absorbed from depths with relatively high gravimetric SWC.
Significantly higher needle δ 13 C at the top of sand dunes than at the bottom of sand dunes suggested that the Mongolian pine trees had a higher WUE and suffered from high water stress at the top of sand dunes. Consistent with our results is the finding that Grevillea stenobotrya displayed a significantly higher δ 13 C value at the top of sand dunes than that at the bottom of sand dunes in the Great Sandy Desert, northwestern Australia, due to a greater amount of soil water at the bottom of sand dunes [20] . In the present study, the higher needle δ 13 C at the top of the sand dunes than at the bottom of the sand dunes was associated with a relatively low gravimetric SWC at the top of the sand dunes (Figure 2) . Therefore, the Mongolian pine trees at the top of sand dunes used water more efficiently to avoid excessive water loss and to acclimatize to the water shortage.
Implication for Forest Management
In the study region, extremely low rainfall (approximately half of the long-term mean value) occurred at an interval of 15 years [32] . Additionally, the groundwater level declined at 0.1 m per year following the afforestation of Mongolian pine plantations in 1955, mainly due to the increasing water use for the expansion of agricultural land and broadleaved forests (Populus spp.) [28] . Mongolian pines at different topographical positions on the sand dunes should be differently affected by changes in the rainfall regime and by the decline in the groundwater level. The predicted increase in the frequency and severity of drought events would make the Mongolian pine growing at the top of sand dunes more vulnerable to dieback due to the shallower soil water uptake (mainly from 40-100 cm layer) and increased water restrictions. Under this circumstance, thinning, which usually decreases competition among the remaining trees for water in the soil, should be the most effective practice [32, 66] . However, any sharp drop in the groundwater level due to groundwater extraction may result in additional water stress for the trees, crown dieback or even tree mortality [32, 66] . Therefore, a sharp decline in the groundwater level in extreme drought years might have a strong negative impact on the growth and survival of the Mongolian pine plantation at the bottom of sand dunes due to the utilization of deeper water sources (possibly groundwater). To maintain a stable groundwater level for the Mongolian pine trees at the bottom of sand dunes, the amount of agricultural land and broadleaved forests should be reduced or transformed into other land use types that have lower water consumption, such as coniferous forest, shrubland, and grassland [28, 32] .
Conclusions
Stable isotope technology was applied to determine the effect of drought and topographic positions on the depth of water extraction of Mongolian pine trees in semiarid sandy regions. Mongolian pine trees growing at both the top and bottom of sand dunes adjusted their water uptake towards deeper water sources and used water more efficiently under drought condition. However, Mongolian pine trees at the bottom of the sand dunes employed a relatively prodigal use of water compared with that of the trees at the top of the sand dunes by absorbing deeper water source (possibly groundwater) during drought conditions. Therefore, Mongolian pine trees at the top were more susceptible to dieback in extreme drought years due to shallower soil water uptake and more water restrictions. Nevertheless, a sharp decline in groundwater level under extreme drought years had a strong negative impact on the growth and survival of Mongolian pine trees at the bottom of sand dunes. Therefore, thinning should be adopted to alleviate water stress for trees at the top of sand dunes, whereas land use types with high water consumption should be reduced or transformed into other land use types with lower water consumption to maintain a stable groundwater level for trees at the bottom of sand dunes.
